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Abstract 

The naturalness of a Higgs boson with a mass near 125 GeV is explored in a variety 

of weak-scale supersymmetric models. A Higgs mass of this size strongly points towards a 

^ (~| non-minimal implementation of supersymmetry. The Minimal Supersymmetric Standard 

Qh Model now requires large A-terms to avoid multi-TeV stops. The fine-tuning is at least 

1% for low messenger scales, and an order of magnitude worse for high messenger scales. 
^ Naturalness is significantly improved in theories with a singlet superfield S coupled to the 

i_i Higgs superfields via XSHuHd- If A is perturbative up to unified scales, a fine-tuning of 

about 10% is possible with a low mediation scale. Larger values of A, implying new strong 
^ interactions below unified scales, allow for a highly natural 125 GeV Higgs boson over a wide 

CO range of parameters. Even for A as large as 2, where a heavier Higgs might be expected, a 

^ light Higgs boson naturally results from singlet-doublet scalar mixing. Although the Higgs 

^ is light, naturalness allows for stops as heavy as 1.5 TeV and a gluino as heavy as 3 TeV. 

Non-decoupling effects among the Higgs doublets can significantly suppress the coupling 
y—^ of the light Higgs to 5 quarks in theories with a large A, enhancing the 77 and WW signal 

^ rates at the LHC by an order one factor relative to the Standard Model Higgs. 

> 
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1 Introduction 



The ATLAS and CMS Collaborations have recently presented the first evidence for a Higgs boson 
with a mass of 124-126 GeV [H The 77 channel yields excesses at the 2-3 a level for ATLAS 
and CMS, insufficient for a clear discovery. Yet the concordance between the ATLAS and CMS 
excesses increases the likelihood that this is indeed the Higgs boson, and motivates us to study 
the implications for natural electroweak breaking in the context of weak-scale supersymmetry. 

In the Minimal Supersymmetric Standard Model (MSSM) the lightest Higgs boson is lighter 
than about 135 GeV, depending on top squark parameters (for a review with original references, 
see [3]), and heavier than 114 GeV, the LEP bound on the Standard Model Higgs [1]. A Higgs 
mass of 125 GeV naively seems perfect, lying midway between the experimental lower bound and 
the theoretical upper limit. The key motivation for weak-scale supersymmetry is the naturalness 
problem of the weak scale and therefore we take the degree of fine-tuning [H], El El El E] as a 
crucial tool in guiding us to the most likely implementation of a 125 GeV Higgs. In this regard 
we find that increasing the Higgs mass from its present bound to 125 GeV has highly significant 
consequences. In the hmit of decoupling one Higgs doublet the light Higgs mass is given by 

ml = M| cos^ 2/3 + (5,2 (1) 

where S"^ arises from loops of heavy top quarks and top squarks and tan /3 is the ratio of elec- 
troweak vacuum expectation values. At large tan /3, we require 6t ~ 85 GeV which means that 
a very substantial loop contribution, nearly as large as the tree-level mass, is required to raise 
the Higgs mass to 125 GeV. 

The Higgs mass calculated at two loops in the MSSM is shown in Figure [T] as a function of 
the lightest top squark mass for two values of the top squark mixing parameter Xf. The red/blue 
contours are computed using the Suspect [ID] and FeynHiggs [H] packages, which have differing 
renormalization prescriptions and the spread between them, highlighted by the shading, may 
be taken as a rough measure of the current uncertainty in the calculation. For a given Higgs 
mass, such as 125 GeV, large top squark mixing leads to lower and more natural top squark 
masses, although the mixing itself contributes to the fine-tuning, as we will discuss. In fact, 
stop mixing is required to raise the Higgs mass to 125 GeV without multi-TeV stops. Even at 
maximal mixing, we must have ^mQ^rriu^ > 600 GeV (which, for degenerate soft masses, results 
in stop masses heavier than have been directly probed by existing LHC searches IT3] ) and, 
as we will discuss in the next section, this implies that fine-tuning of at least 1% is required in 
the MSSM, even for the extreme case of an ultra-low messenger scale of 10 TeV. Hence we seek 
an alternative, more natural setting for a 125 GeV Higgs. 

In the next-to-minimal model (NMSSM, for a review with references, see [H]) the supersym- 
metric Higgs mass parameter is promoted to a gauge-singlet superfield, S, with a coupling to 
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Figure 1: The Higgs mass in the MSSM as a function of the hghtest top squark mass, m^^, with 
red/blue sohd hues computed using Suspect/FeynHiggs. The two upper hues are for maximal 
top squark mixing assuming degenerate stop soft masses and yield a 124 (126) GeV Higgs mass 
for m^-^ in the range of 350-600 (500-800) GeV, while the two lower lines are for zero top squark 
mixing and do not yield a 124 GeV Higgs mass for m^^ below 3 TeV. Here we have taken 
tan/3 = 20. The shaded regions highlight the difference between the Suspect and FeynHiggs 
results, and may be taken as an estimate of the uncertainties in the two-loop calculation. 

the Higgs doublets, XSHuHd, that is perturbative to unified scales, thereby constraining A < 0.7 
(everywhere in this paper A refers to the weak scale value of the coupling). The maximum mass 
of the lightest Higgs boson is 

ml = Ml cos^ 2/3 + A^f ^ sin^ 2/3 + 5^, (2) 

where here and throughout the paper we use f = 174 GeV. For \v > Mz, the tree- level 
contributions to ruh are maximized for tan /3 = 1, as shown by the solid lines in Figure [2} 
rather than by large values of tan /3 as in the MSSM. However, even for A taking its maximal 
value of 0.7, these tree-level contributions cannot raise the Higgs mass above 122 GeV, and 
6t > 28 GeV is required. Adding the top loop contributions allows the Higgs mass to reach 
125 GeV, as shown by the shaded bands of Figure |2| at least for low values of tan /3 in the region 
of 1-2. In this case, unlike the MSSM, maximal stop mixing is not required to get the Higgs 
heavy enough. In section 3 we demonstrate that, for a 125 GeV Higgs mass, the fine-tuning of 
the NMSSM is significantly improved relative to the MSSM, but only for .6 < A < .7, near the 
boundary of perturbativity at the GUT scale. 
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Figure 2: The Higgs mass in the NMSSM as a function of tan /3. The sohd hues show the tree- 
level result of equation |2] while the shaded bands bounded by dashed lines result from adding the 
A^v^sin^2/? contribution of equation |2] to the two-loop Suspect/FeynHiggs MSSM result, with 
degenerate stop soft masses and no stop mixing. The top contribution 5t is sufficient to raise 
the Higgs mass to 125 GeV for A = 0.7 for a top squark mass of 500 GeV; but as A is decreased 
to 0.6 a larger value of the top squark mass is needed. 

In the "A-SUSY" theory [15], A is increased so that the interaction becomes non-perturbative 
below unified scales; but A should not exceed about 2, otherwise the non-perturbative physics 
occurs below 10 TeV and is likely to destroy the successful understanding of precision electroweak 
data in the perturbative theory. The non-perturbativity of A notwithstanding, gauge coupling 
unification can be preserved in certain UV completions of A-SUSY, such as the Fat Higgs [16j. 
The A-SUSY theory is highly motivated by an improvement in fine-tuning over the MSSM by 
roughly a factor of 1}? jg^ ~ 4A^, where g is the SU(2) gauge coupling. Equivalently, for the 
MSSM and A-SUSY to have comparable levels of fine-tuning, the superpartner spectrum can be 
heavier in A-SUSY by about a factor 2A. The origin of this improvement, a large value of A in 
the potential, is correlated with the mass of the Higgs, which is naively raised from gv/\/2 to 
\v. However, this now appears to be excluded by current limits [E], with A > 1 giving a Higgs 
boson much heavier than 125 GeV (for other theories that raise the Higgs mass above that of 
the MSSM see HSmaEO]). 

Most studies of A-SUSY [THl EI] have decoupled the CP even singlet scalar s by making its 
soft mass parameter, m|, large. This was often done purely for simplicity to avoid the compli- 



3 



ASUSY Higgs Mass 




300 500 700 1000 



ms [GeV] 



Figure 3: The Higgs mass in A-SUSY, as a function of the singlet soft mass nis. Here, A = 2, 
tan /3 = 2, and the other parameters are as described in Table [T| which gives the light Higgs a 
mass of rrih = 280 GeV in the limit of heavy singlet mass. However, we see that lowering the 
singlet mass ms results in a lighter Higgs due to mixing of the singlet with the Higgs. 

cations of a 3 x 3 mass matrix for the CP even Higgs scalars. However, this decoupling is itself 
unnatural since the soft Higgs doublet mass parameter is generated by one-loop renormalization 
group scaling at order A^m|. For A = 2, avoiding additional tuning at the 20% level requires 
ms ^ 1 TeV [15j. Once s is no longer decoupled, it is crucial to include doublet-singlet Higgs 
mixing. In the limit of decoupling one Higgs doublet, s mixes with the remaining light neutral 
doublet Higgs h at tree-level via the mass matrix 

2 _ A V sin^ 2;^ + M| cos^ 2^ Xv{i^,Ms,Ax) 
~ V Xv{fx,Ms,Ax) m| 

In general there are several contributions to the off-diagonal entry and these will be discussed 
in section |4j but all are proportional to Xv, which is large in A-SUSY, so that mixing cannot 
be neglected even for rather large values of m|. This is illustrated in Figure |3] where, for a set 
of reference parameters of the model discussed later, the two eigenvalues of this mixing matrix 
are shown as a function of ms- At the reference point A = 2 and tan/3 = 2, so that in the 
absence of mixing the Higgs mass would be 280 GeV, but this is reduced to 125 GeV for ms ~ 
500 GeV. As the blue curve of Figure [3] crosses 125 GeV its slope is quite modest - a central 
claim of this paper is that a 125 GeV Higgs from doublet-singlet mixing in A-SUSY is highly 
natural. However, moving along the blue curve of Figure [3} the tuning rapidly increases as the 
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Higgs mass becomes lighter than 100 GeV. 

The theory with A ~ 2 and a hght Higgs, due to singlet-doublet mixing, has a number of 
interesting consequences for LHC physics. First of all, despite the light Higgs mass of 125 GeV, 
as discussed above the large value of A implies that the Higgs potential is less sensitive to 
corrections to the doublet Higgs soft masses, and the superpartners can be a factor of 2A ~ 4 
times heavier than in the MSSM before they spoil naturalness. This means that stops can be as 
heavy as 1.5 TeV, and the gluino as heavy as 3 TeV, before fine-tuning reaches the 10% level. 
The usual interpretation [12] of the null results for supersymmetry at the LHC is that the stops 
should be lighter than the other squarks to maintain naturalness. The situation in A-SUSY is 
drastically different and we should not be surprised that we have not yet seen supersymmetry: 
the entire colored spectrum may be sitting, naturally, well above 1 TeV with flavor degenerate 
squarks! 

A-SUSY with a light Higgs boson also presents the possibility of interesting deformations of 
the SM Higgs branching ratios. In A-SUSY, we find that mixing between the light and heavy 
Higgs doublets leads to a depletion of the light Higgs coupling to bottom quarks, which has 
the effect of increasing the Higgs branching ratio to 77 and WW. This is the opposite of the 
usual non-decoupling effect in the MSSM [22j, where the Higgs coupling to bottoms is enhanced 
as the heavy Higgs mass decreases. The effect is also numerically larger in A-SUSY because 
the non-decoupling is enhanced by large A. We will see that, depending on parameters, the 
(7(7 — )■ /i — 7- 77 rate can be enhanced by up to about 50% relative to the SM rate, in the most 
natural regime of parameter space. Meanwhile, the branching ratio to bottoms can be depleted 
by a similar factor. Usually, the conception is that supersymmetry should be first discovered by 
discovering superparticle production, however in A-SUSY the first discovery of supersymmetry 
may be through exotic Higgs branching ratios. 

The rest of the paper is structured as follows. In section [2] we discuss the implications of 
a 125 GeV Higgs boson for the MSSM and conclude that a Higgs of this mass disfavors the 
MSSM, motivating study of an alternative model. In section [3] we consider the implications for 
the NMSSM, where the fine-tuning can be significantly reduced relative to the MSSM, although 
only at the edge of the (A,tan/3) parameter space. Then in section |4] we consider A-SUSY and 
show that a light, 125 GeV Higgs boson emerges naturally from theories with a large value for 
A. Section [5] contains our conclusions. 

2 A Higgs Mass near 125 GeV in the MSSM 

In this section we review the Higgs sector of the MSSM [3] and assess the consequences of a 
Higgs boson mass of 125 GeV. We determine which parts of the parameter space allow for a 
Higgs mass of 125 GeV and how much fine-tuning is required. 
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The Higgs sector of the MSSM depends, at tree-level, on the ratio of the vevs, tan /3, and on 
the pseudoscalar mass rriA, which determines the mixing between the two CP even scalars. In 
this section, we focus on the decoupling limit, ^ mz, where the lightest CP even Higgs is 
SM-like in its coupling and has the largest possible tree-level mass (away from the decoupling 
limit, mixing drives the lightest mass eigenstate lighter). In the decoupling limit, the tree- 
level Higgs mass is given by cos 2/3 and is maximized at high tan/3, but is always far below 



At the one-loop level, stops contribute to the Higgs mass and three more parameters become 
important, the stop soft masses, rriQ^ and m^g, and the stop mixing parameter Xt = Af — fi cot (3. 
The dominant one-loop contribution to the Higgs mass depends on the geometric mean of the 



The Higgs mass is sensitive to the degree of stop mixing through the second term in the brackets, 
and is maximized for \Xt\ = X^^^ = \/Qmi^ which is referred to as "maximal mixing." The Higgs 
mass depends logarithmically on the stop masses, which means, of course, that the necessary 
stop mass depends exponentially on the Higgs mass. Therefore, an accurate loop calculation is 
essential in order to determine which stop mass corresponds to a 125 GeV Higgs. 

We use the Suspect [10] and FeynHiggs [H] packages to calculate the Higgs mass, which 
include the full one- loop and leading two-loop contributions. In Figure |4] we give the rrih = 124 
and 126 GeV contours in the {Xt,m^) plane, with Suspect shown in red and FeynHiggs shown 
in blue. For both curves, the axes are consistently defined in the DR renormalization scheme. 
The left and right-handed top squark mass parameters are taken equal, mq^ = rriu^, since the 
Higgs mass depends only mildly on the ratio. As we shall show, this choice results in the lowest 
fine-tuning for a given m^, since the stop contribution to fine-tuning is dominated by the largest 
soft mass. The loop contribution depends slightly on the choice of some of the other SUSY 
parameters: we have fixed all gaugino masses to 1 TeV, the Higgsino mass to /i = 200 GeV, and 
rriA = 1 TeV. We find that the Suspect and FeynHiggs results have considerable differences. The 
two programs use different renormalization prescriptions, and we take the difference between the 
two programs as a rough estimate of the theoretical uncertainty in the Higgs mass calculation. 
For an earlier comparison, see |23]. The uncertainty should be reduced if one takes into account 
the results of recent three-loop calculations [21], although this is beyond the scope of our work. 
For a detailed discussion of the two- loop calculations, see for example [25]. Fortunately, the two 
programs agree to within a factor of two on the necessary stop mass in the maximal mixing 

regime: m^- = 500 - 1000 GeV for Xt ~ VQmi and m^- ~ 800 - 1800 GeV for Xt VGrrii, for 

a Higgs mass in the 124-126 GeV range. 



125 GeV. 



stop masses, m? = mQ^mu^, and is given by. 
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Figure 4: Contours of rrih in the MSSM as a function of a common stop mass = rriu^ = nii 
and the stop mixing parameter X^, for tan/3 = 20. The red/blue bands show the result from 
Suspect /FeynHiggs for rrih in the range 124-126 GeV. The left panel shows contours of the fine- 
tuning of the Higgs mass, A^^, and we see that A^^ > 75(100) in order to achieve a Higgs mass 
of 124 (126) GeV. The right panel shows contours of the lightest stop mass, which is always 
heavier than 300 (500) GeV when the Higgs mass is 124 (126) GeV. 

We now consider the degree of fine-tuning O |6l [71 El [9] necessary in the MSSM to accommo- 
date a Higgs of 125 GeV. We have just seen that rather heavy stops are necessary in order to 
boost the Higgs to 125 GeV using the loop correction. The (well-known) problem is that heavy 
stops lead to large contributions to the quadratic term of the Higgs potential, ^rn?^^ , 

«'"L = -gl«+< + KHln(;^), (5) 

where A is the messenger scale for supersymmetry breaking. If Smfj^ becomes too large the 
parameters of the theory must be tuned against each other to achieve the correct scale of elec- 
troweak symmetry breaking. We see from equation [5] that large stop mixing also comes with a 
cost because At induces fine-tuning. At large tan /3, Xt ~ At, and maximal mixing (l^^p = 6m?) 
introduces the same amount of fine-tuning as doubling both stop masses in the unmixed case. 

In order to quantify the fine-tuning [H], it is helpful to consider a single Higgs field with a 
potential 

V = ml\h\' + ^\h\\ (6) 
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Figure 5: A blowup of the maximal mixing regime, Xt ~ 2mj-, in the MSSM, with tan /3 = 20 
and rriA = 1 TeV. The purple contours show R^^, the ratio of (j{gg h) x Br(/i — > 77) in 
the MSSM to the Standard Model, computed with FeynHiggs. The one-loop contribution from 
stops depletes the rate to be ~ 80 — 95% of the SM rate. Had we chosen non-degenerate squark 
soft masses, this effect could be larger, at the cost of increased fine-tuning. The other contours 
are the same as the right side of Figure |4j 

Extremizing the potential we see that the physical Higgs mass, m^j, is related to the quadratic 
term of the potential by ml = X^v^ = — 2m^. The amount of fine-tuning is determined by the 
size of the Higgs mass relative to the size of corrections to the quadratic term of the potential. In 
the MSSM at large tan /3, the Higgs vev is in the direction, rrih corresponds to the Higgs mass, 
rriH corresponds to mn^, and Xh is determined by the D-terms at tree-level and is logarithmically 
sensitive to the stop mass at one-loop. We generalize to more than one Higgs field (2 in the 
MSSM and 3 in the NMSSM) by considering the sensitivity of the Higgs mass eigenvalue to 
variations of the fundamental parameters of the theory. This is closely related to variations of 
the electroweak VEV, v"^ = m\/Xh, which is also often taken as a measure of fine-tuning. 

The dashed purple lines on the left panel of Figure |4] show contours of the fine-tuning pa- 
rameter, Am^, which we define to be the maximum logarithmic derivative of the Higgs boson 
mass with respect to the fundamental parameters, pi, 



A, 



= max 




(7) 



din Pi 
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where we take the fundamental parameters, defined at the messenger scale A, to be /i, Bfi, ttlq^, 
m^g, At, rn'jj^, ^'ud compute equation [t] at tree-level and also include the one-loop leading 
log contribution to , given by equation |5| which allows us to relate the value of to^j^ at the 
cutoff to its value at the weak scale. For a 125 GeV Higgs mass the fine-tuning is smallest near 
maximal mixing, but even here the fine-tuning is severe, with Am,^ > 100(200) for Xt > 0(< 0). 
Deviating away from maximal mixing, the squark masses quickly become multi-TeV in order to 
raise the Higgs mass to 125 GeV, and the fine-tuning is dramatically increased. Furthermore, we 
stress that the fine-tuning has been computed for an extremely low value of A = 10 TeV for the 
messenger scale. For high-scale mediation schemes, such as gravity mediation, the fine-tuning 
is an order of magnitude worse. The dashed green lines of the right panel of Figure |4] show 
contours of the lightest top squark mass, which can be as low as 400 GeV at maximal mixing 
but can rise to over a TeV with only a mild increase in fine-tuning. 

In Figure [5] we show one of the regions of large stop mixing in the (Xt,mj) plane with an 
expanded scale. The red, blue and green contours are the same as in Figure |4] and the dashed 
purple lines show contours of R^-y, the size of o-{gg h) x Br(/i — )• 77) in the MSSM, computed 
using FeynHiggs and normalized to its value in the Standard Model. Here we have chosen 
niA = 1 TeV, so that non-decoupling affects the rate at < 3%. This rate is depleted relative 
to the SM because stop loops lower the Higgs coupling to gluons when the stops have a large 
mixing angle [3]. In this region the suppression of the 77 signal for a 125 GeV Higgs varies 
from about 0.8 to a little over 0.9. The theoretical uncertainty on a{gg — ?■ h) in the SM [26] 
is about 10%, and so a suppression at the lower end of this range may therefore be observable 
after enough statistics are accumulated. 

3 A Higgs Mass near 125 GeV in the NMSSM 

We found above that a Higgs boson mass of 125 GeV introduces considerable fine-tuning into 
the MSSM. This motivates us to go beyond the MSSM and look for a more natural theory of 
the Higgs sector. A promising alternative is the Next-to-Minimal Supersymmetric Standard 
Model [H], where a new singlet superfield couples to the Higgs in the superpotential, XSHuHa- 
The singlet coupling to the Higgs can contribute to the Higgs mass, potentially reducing the 
fine-tuning relative to the MSSM l27t [28 | 129] . In this section, we require the theory to remain 
perturbative up to the scale of gauge coupling unification, which requires A < 0.7 at the weak 
scale. In the next section, we will consider the A-SUSY scenario, where A is allowed to be larger. 
We take the Higgs-sector of the superpotential to be, 

WdX SHuHd + fi HuHd + (8) 
We have included an exphcit /x-term and an explicit supersymmetric mass for S [30], in contrast 
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Figure 6: Contours of rrih = 125 GeV in the NMSSM, taking mq^ = mu-^ = mi and varying 
tan/3 = 2,5, 10 from left to right, and varying A within each plot. We add the tree-level Higgs 
mass (with NMSSM parameters chosen to maximize it) to the two-loop stop contribution from 
Suspect. The tree-level Higgs mass is largest at lower values of tan/3 and larger values of A, 
where only modestly heavy stops, mi ~ 300 GeV, are needed to raise the Higgs to 125 GeV. 
Heavy stops are still required for lower values of A and larger values of tan /3. 

to many studies of the NMSSM which focus on the scenario with no dimensionful terms in the 
superpotential. We define the parameter fi = ft + X {S) , which acts as the effective /x-term and 
sets the mass of the charged Higgsino. 

We also include the following soft supersymmetry breaking terms, 

Vsoit D mjjjHul^ + mj,jHd\^ + m||5p + {B^iH^H^ + SH^Ha + h.c.) . (9) 

For simplicity, we have not included the trilinear interaction in the superpotential or scalar 
potential because we do not expect its presence to qualitatively change our results. We neglect 
CP phases in this work and take all parameters in equations [8] and [9] to be real. 

In this section, we focus on the scenario where the lightest CP-even scalar is mostly doublet, 
with doublet-singlet mixing not too large. The lightest CP-even scalar mass that results from 
the above potential is bounded from above at tree-level [H], 

[mh'^hee < m% cos^ 2/3 + X'^v^ sin^ 2/3. (10) 

Since we take the lightest scalar to be dominantly doublet, this is a bound on the Higgs mass|^ 
The first term is the upper bound in the MSSM, while the second term is the contribution 
from the interaction involving the singlet. The above bound is saturated when the singlet is 
integrated out with a large supersymmetry breaking mass, m| > M| [19], which, in practice, 

^It is also interesting to consider the case where the Ughtest eigenstate is dominantly singlet. Then, singlet- 
doublet mixing can increase the mass of the dominantly doublet eigenstate [29] . 
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Figure 7: Contours of Higgs mass fine-tuning, A^^, in the NMSSM with the maximal value of 
A = 0.7 for tan (3 = 2 and 5, moving from left to right, with mq.^ = rriu^ = mi and rriA = 500 GeV. 
Contours of rrih = 124 and 126 GeV are overlaid, including loop corrections from Suspect and 
FeynHiggs. When tan /3 = 2 the tuning can be low, A^^ ^ 15, while for tan /3 = 5 heavier stop 
masses are required because the tree-level Higgs mass is lower. 



can be realized with ms several hundreds of GeV. For large enough values of A, the second term 
dominates the tree- level mass. The A term grows at small tan /3, and this means that the largest 
Higgs mass is achieved with low tan/3 and as large A as possible. Plugging in A = 0.7, we find 
that (?Ti/j^)tree IS always smaller than 122 GeV. 

Because the tree-level contribution is insufficient to raise the Higgs mass to 125 GeV, we also 
consider the loop corrections to the Higgs mass arising from stops. In Figure |6j we show contours 
of rrih = 125 GeV, in the stop mass/mixing plane, with tan /3 = 2, 5, 10 and varying A between 
and 0.7. We take the tree- level mass to saturate the bound of equation 10 and we add to it 
the one and two loop contribution from stops using Suspect, taking degenerate stop soft masses, 
= m„3. Here, and for the rest of this section, we have set fi = 200 GeV and we fix Bfi 
by taking the MSSM-like pseudoscalar mass to be 500 GeV, in the limit of no mixing with the 
singlet-like pseudoscalar. Suspect includes only the MSSM contribution, and this means that we 
are neglecting the one- loop contribution proportional to A^, which is a reasonable approximation 
since X < yt- For low tan /3 and A close to 0.7, the lightest stop becomes tachyonic near maximal 
mixing. Furthermore, for sub-maximal stop mixing, the stops are light enough to give 0{1) 
corrections to (T{gg — ?■ h); however, these corrections may take either sign, depending on the size 
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of the mixing [3], which is relatively unconstrained by naturalness for large A. Furthermore, the 
stop mass quickly rises as A is decreased or as tan/3 is increased, decoupling this effect. 

Next we consider the fine-tuning in the NMSSM when m/j = 125 GeV. As in section [2| we 
measure fine-tuning in terms of the sensitivity of the Higgs mass to the parameters of the theory 
using the maximum logarithmic derivative of equation [7| We consider derivatives with respect 
to the MSSM parameters fi, Bfi, rrig^, m^^. At, rnj^^, and rrijj^, defined at the cutoff, which we 
conservatively take to be the low scale of A = 10 TeV. We also take derivatives with respect to 
the NMSSM parameters m|, Ms, and Ax- We include the one-loop contribution of m| to rnjj ^, 
which is proportional to A^. The result is shown in the stop mass/mixing plane in Figure [7| 
taking A as large as possible, 0.7, and taking tan /3 = 2 on the left and tan/3 = 5 on the right. 
For tan /3 = 2, where the tree-level Higgs mass is larger, we find that the fine-tuning is typically 
around 1/15 for moderate to low stop mixing. The tuning is mild because the stops are light, 
and in fact for low stop mass the tuning is dominated by the choice of /i, and can even be lowered 
to the 10% level if /i is lowered to 100 GeV. For tan (3 = 5, the tree-level Higgs mass is smaller 
and heavier stops are required to raise the Higgs to 125 GeV. This results in more fine-tuning, 
and for tan /3 = 5, we find that maximal mixing is required to avoid multi-TeV stops, and the 
fine-tuning is always worse than ~2-3%. As tan/? rises, the fine-tuning as a function of stop 
masses and mixing quickly reverts to that of the MSSM. 

Finally, we conclude this section by looking at how the necessary stop mass and fine-tuning 
depends on A, which is shown in figure [8j We fix the Higgs mass to 125 GeV and tan /3 = 2, and 
we look at the stop mass given separately by FeynHiggs and Suspect for maximal stop mixing 
and no stop mixing, with degenerate stop soft masses. We see that the necessary stop mass 
drops dramatically from multi-TeV at A < 0.5 to hundreds of GeV near A of 0.7. We also show 
the fine-tuning in the Higgs mass as a function of A and see that the fine-tuning drops from 
1/1000 at low A to 1/100 near A = 0.5 — 0.6 for maximal mixing, and finally to close to 1/15 
near A = 0.7. Note that, while the required stop mass for a given Higgs mass can be dramatically 
smaller at maximal mixing, the fine-tuning is significantly worse than in the case of no mixing, 
since At contributes to the running of mn^- Clearly, the most interesting regime of the NMSSM 
is where A is as large as possible. This motivates us, in the next section, to relax the requirement 
that the theory remain perturbative until the scale of gauge coupling unification, and to consider 
the implications of a 125 GeV Higgs for theories with A > 0.7. 

4 A Higgs Mass near 125 GeV in A-SUSY 

In the previous section we found that, at low tan/3, increasing A in the NMSSM improves 
naturalness and allows for much lighter stops. Motivated by this, we now consider values of 
A > 0.7, larger than is allowed for perturbative unification. However, in certain UV completions 
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Figure 8: The necessary stop mass (left) and fine-tuning (right) in order to achieve a Higgs mass 
of 125 GeV in the NMSSM, as a function of A. We see that larger values of A allow for lighter 
stops and much less fine-tuning. We consider two cases for the stop mixing: (1) maximally 
mixed stops and (2) zero mixing. We cut off the plot for maximally mixed stops when m^^ ~ . 
For both plots, the loop corrections are computed using Suspect and FeynHiggs, and we fix 
tan/3 = 2. 



such as Fat Higgs models [16], successful gauge coupling unification can occur even with A > 
0.7 and a non-perturbative sector well below unified scales. In this section we study values 
of A up to 2, beyond which the running value of A^(lOTeV) becomes of order Atc, and non- 
perturbative effects are likely to upset precision electroweak data [15j. Many features of this 
A-SUSY framework have been studied [151 EH El], but always with the SM-like Higgs boson 
heavier than about 160 GeV. 

Here we study the theory defined by the interactions of Eqs. [8]and[9]from the previous section, 
but with large A. We begin by considering the Higgs mass, which is naively of order Xv ~ 200- 



300 GeV in the limit of small tan /3 (see Eq. 10). However, this estimate neglects mixing between 
the Higgs and the CP even singlet within S, which would be a good approximation in the limit 
of large singlet soft mass, ms — ?■ oo. However, this limit cannot be taken consistently with 
naturalness, because the singlet scalar soft mass affects the Hu and Hd soft masses through the 
one-loop RGEs, 



dm 



dt 
dm^T 



+ 



dt 



+ 



(11) 

(12) 



Naturalness requires the singlet scalar to be relatively light, ms < 1 TeV, and so singlet-doublet 
mixing between the CP even mass eigenstates must be considered, as in the mass matrix of 
Eq. |3] from the introduction. The off-diagonal mixing terms arise from the soft A-term and the 
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cross-terms in the F-terms of the potential, 



\v [{Ax + M) cos /3 - 2/i sin (S\sK + \v [{Ax + M) sin (5-2^1 cos (5] s ha, (13) 

and they become large as A is raised and m5 is dropped. Level-splitting then drives the smallest 
mass eigenstate lighter, as shown in Figure [3| allowing for much smaller Higgs masses than would 
be expected from the singlet-decoupling limit. 

We now proceed to calculate the Higgs mass at tree-level, which is a good approximation 
when A ~ 2 because A^f ^ is large relative to one-loop corrections from stops. For the purpose of 
illustration we choose a reference point in parameter space, shown in Table [T} with a maximal 
value of A = 2 and other parameters shown in the table. At this point, we see that ~ 500 GeV 
leads to a Higgs mass of 125 GeV due to the level-splitting. In Figure |9] we show contours of 



the Higgs mass in the {nis^Ms) plane and in Figure 10 the contours of the Higgs mass in the 
(A,tan/3) and (A,??!^) planes. For each figure, we hold the parameters not being varied fixed to 
the values of the benchmark point in Table [Tj Several Higgs mass contours are shown in blue, 
with the 125 GeV contour solid and the others dotted. The black dot shows the reference point. 
In the right panel of Figure [9] and in Figure 10 as the singlet scalar mass ms is reduced below 



the reference point, the Higgs mass rapidly drops to zero and the tachyonic purple region with 
m\ < is reached, demonstrating that the Higgs mass is being affected by singlet-doublet Higgs 
mixing, as illustrated in Figure [3j 

Obtaining a Higgs mass much smaller than Xv requires a tuning in the level splitting. Thus, 
a light Higgs could signal an additional fine-tuning not captured by standard measures which 
seek to quantify cancellations inherent in the weak scale. In order to capture both effects, we 
once again consider logarithmic derivatives of the Higgs mass, rather than the weak scale, as a 
measure of fine-tuning. Here we include one-loop LL contributions from the stop masses and A. 
Since A increases rapidly with energy, we improve the LL contribution by integrating its RGE 
up to a messenger scale of A = 10 TeV, obtaining 

In , ^ ) , (14) 

in ^ 



6ml^{A) ~ 


m| 
4 


In 


^-^ 

^ 27r2 




m| 
4 


In 


V 27r2 



-M Ks + < + In , ^ ■ (15) 

Contours of the fine-tuning parameter A^^ are shown as red dashed lines in Figures [9] and 10 
In each plot, the region with ruh approaching zero has a high density of red contours, and this area 
is highly fine-tuned, demonstrating the sensitivity of the Higgs mass to the parameters entering 
its mixing angle with the singlet. However, a large range of relatively light Higgs masses lies 
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parameters 


properties 


A = 2 
fi = 200 GeV 
ms = 510 GeV 


tan/3 = 2 
Ms = GeV 
mH+ = 470 GeV 


nih = 125 GeV 0/,, = 0.12 
mfe2.3 = 521,662 GeV 
mA^^ = 579, 617 GeV 

^r?l;j =5.2 

= (0.27,1.03,0.79,0.84) 
i?^^ = 1.67 i?vi/iy = 1-79 Rbb = 0.46 


= = 500 GeV 
A, Ax = 



Table 1: A benchmark point in A-SUSY with a large A of 2 and a 125 GeV Higgs boson mass, 
which results from Higgs-singlet mixing. The parameters are shown to the left and various 
masses, mixing angles, and phenomenologically relevant Higgs couplings are shown to the right. 
The Higgs boson mass is not fine-tuned relative to the fundamental parameters, ~ 5. Here, 
the Ri parameters represent the ratio of a x Br, relative to the SM, with a corresponding to 
gluon fusion for the 77 and WW final states and associated Z/W + h production for h bb. 




Figure 9: The Higgs mass in A-SUSY varying the singlet supersymmetric mass, Ms, and soft 
mass, ms- The Higgs mass contours are shown in blue, contours of Higgs fine-tuning, A^^, 
are shown in red, and the region where the Higgs is tachyonic, due to Higgs-singlet mixing, is 
shown in purple. The fine-tuning is increased when the Higgs mass drops, however, a Higgs 
mass of 125 GeV is achieved in a region of low fine-tuning, ~ 5. The orange region is where 
the lightest neutralino is lighter than half the Higgs mass, and in this region the Higgs would 
dominantly decay invisibly. 
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Figure 10: The Higgs mass and fine-tuning contours, A^^ in A-SUSY. On the left, we vary A 
and tan P and on the right we vary A and the singlet soft mass, m^. The rest of the parameters 
are fixed as in table [Tj We find that there is a preference for large A, small tan /3, and moderate 
values of the singlet soft mass, ms ~ 500 GeV. Overall, there is a large region of parameter 
space where a Higgs mass of 125 GeV is consistent with very mild tuning, A^^ ~ 5. Within 
the purple region, the Higgs is driven tachyonic due to Higgs-singlet mixing, and in the orange 
region on the right plot, there is a light neutralino and the Higgs dominantly decays invisibly. 



just outside this expected from the mild slope in Figure |3| In fact, the reference point 

lies near the edge of a large region of the {X, tan (3, ms, Ms) parameter space where A^^ ~ 5. 
The A-SUSY theory has a large region with rrih = 125 GeV that is less fine-tuned than the 
NMSSM. In a portion of this region, which we have shaded in orange in Figure [9] and the right 
panel of Figure 10, the lightest neutralino mass is less than one half of the Higgs mass, so that 
Higgs decays to neutralinos becomes kinematically accessible. Due to the large coupling, one 
expects that such invisible decays will occur with an order one branching ratio as soon as they 
are allowed 1321. 



It is clear from Figure 10 that the fine-tuning is only a mild function of A. However, large 
A has a very important effect: it protects the Higgs mass from heavy sparticle corrections, 
decreasing the Higgs mass sensitivity to the sparticle spectrum. At large A, the fine-tuning is 
dominated by the sensitivity to the parameters entering the singlet-doublet mixing, while at 
small A (and large ms) the mixing becomes less important, and the fine-tuning comes from stop 
loops correcting . For a given fine-tuning the stop mass must be lower for a lower value of A. 
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Figure 11: The maximum values of the stop, charged Higgs, and Higgsino masses, before the 
fine-tuning of the electroweak vev becomes worse than 10% (5%) is shown with sohd (dashed) 
hues. We vary A along the horizontal axis and for each choice of A (and /i, mH+), we choose 
Ms in such a way as to fix the Higgs mass to 125 GeV. We see that larger values of A allow 
for heavier sparticles while maintaining naturalness. For A = 2, the stops can be as heavy as 
1.4 TeV, the charged Higgs can be 1 TeV, and the Higgsinos can be around 350 GeV. 



In Figure 11 we show the maximum stop, chargino, or charged Higgs mass required to raise 
A„ to 10 and 20, fixing the light Higgs mass to be 125 GeV. Here we have chosen to show A^, 
because it results in more conservative mass values than A^^- Raising A to 2 allows the stop 
mass to be twice as large for the same fine-tuning as would a A of 1. Recall that the MSSM and 
NMSSM with a stop mass at 1.4 TeV are at least an order of magnitude more fine-tuned. We 
also see from this plot that, as in the MSSM, the chargino and the charged Higgs masses should 
not be too large. We may understand this by considering the minimization conditions for the 
potential in the limit of small singlet-doublet mixing, as was done in [19]. One finds 

AV = |§;3-(2H^ + <+0 (16) 

2-^" 2,2 



sin 2/3 

so that neither /i nor mH+ should be far above \v. 

Keeping the charged Higgs relatively light has interesting phenomenological consequences in 
A-SUSY: the non-decoupling effects turn off slower than in the MSSM, resulting in modified 
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Figure 12: The ratio of Higgs couplings squared relative to the Standard Model for bb, ti, 
W~W^ and 77 as a function of the charged Higgs mass, mH+. A-SUSY is shown to the left and 
the MSSM is shown to the right. In A-SUSY the couplings are computed at tree-level, and the 
Higgs mass is a function of mfj+; in the MSSM we approximate the one-loop correction to the 
couplings |3], given that the stop contribution raises the Higgs mass to 125 GeV. We see that 
in A-SUSY, unlike the MSSM, the Higgs coupling to the bottom quark drops dramatically away 
from the decoupling limit, leading to a depleted Higgs width and an enhanced 77 signal. The 
A-SUSY parameters, other than the charged Higgs mass, are as in table [T] for the MSSM we 
choose tan (3 = 20. 



Higgs couplings and branching ratios. Expanding in powers of v/{mA,mH+) the light Higgs 
coupling to bb in the MSSM normalized to the SM i^ 



^""^(J^ ^ l + 2|l-(3^) COS2/3 1 (-^) (18) 




1 + 1 sin4/3| tan/3 ( — ) at tree level, (19) 
while in A-SUSY we have 

, (20) 

neglecting corrections from singlet-doublet mixing. In A-SUSY the non-decoupling effect is a 
factor of ~ 2X^/0^ larger and takes the opposite sign as compared to the MSSM, tending to 
reduce the Higgs coupling to bb. We show the ratio of light Higgs couplings to various particles 
in the MSSM and in A-SUSY relative to those in the SM in Figure [T2] as a function of mH+. The 



^The formula given here includes the approximate one-loop contribution to the Higgs mixing angle from the 
stops, with the assumption that they only affect the mj^ element of the Higgs mass matrix [3j. 
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MSSM Higgs coupling to bb can be enhanced by an order one amount as the charged Higgs mass 
approaches the b s-y hmit near ~ 300 GeV [33J, while the couplings to WW, 77, and ti remain 
nearly unperturbed by decoupling effects. In contrast, it can be seen that the bb coupling may be 
decreased dramatically in A-SUSY, reaching a value of 0.3 relative to the SM at our benchmark 
point from Table [TJ The depletion of the coupling to WW is not as severe because it first appears 
at order {\v /uih+Y the expansion. Furthermore, the do not asymptote to 1 because of the 
singlet-doublet mixing, which tends to deplete all couplings uniformly. 



niH* = 350 GeV mfj* = 470 GeV 




1.0 1.2 1.4 1.6 1.8 2.0 1.0 1.2 1.4 1.6 1.8 2.0 

A A 



Figure 13: The ratio R^^ of a x Br in A-SUSY relative to the SM for the process gg ^ h ^ 77. 
The red contours show R^^ and the blue contours show the Higgs mass in the A, tan (3 plane. 
We see that this process generically has a larger rate in A-SUSY than in the SM, this is due to 
the depletion of the Higgs coupling to bottom quarks in the non-decoupling limit. The left and 
right panels correspond to charged Higgs masses of 350 and 470 GeV, respectively. 



For a SM-like Higgs at 125 GeV, decays to bb contribute 58% |3l] to the full width. Thus, a 
depletion of the bb coupling can generate a large increase in the branching ratios to other final 



states relative to a SM or MSSM Higgs. In Figure 13 we show contours of axBi(gg h ^ 77) 
relative to the SM in the (A,tan/3) plane for two values of mH+- We compute the modified 
branching ratios by weighting the partial widths of the SM Higgs [M] by the C,i factors discussed 



above. As expected from Eq 20, the enhancement to R^^ grows with A, and can be greater 
than 1.5 in a large region of parameter space with low fine-tuning and a light Higgs. The 
enhancement turns off quickly as mH+ is raised, but mH+ cannot become too large without 
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inducing fine-tuning, so that naturalness prefers a larger-than-SM rate to 77. Since doublet- 
doublet mixing has a comparable effect on ^ww as to the depleted Higgs width should 
similarly enhance the rate to WW*, Rww ~ -^77- Large enhancements to the 77 rate can also 
be found in the NMSSM, although typically for Higgs masses lighter than 125 GeV [35]. Even 
in the MSSM, stop loops can have a similar effect on the Higgs production cross section and 
therefore the overall rate to photons |3]; thus, in order to distinguish these non- decoupling effects 
from stop contributions, the rate to hb and rr must be measured as well, since they should be 
depleted relative to the MSSM by the decrease in the Higgs coupling. At the benchmark point 
described in Table [1} we find R^i, = Rrr = -46 when the Higgs is produced either by vector boson 
fusion or associated Z/W + h production, which are the relevant channels for Higgs discovery 
in the bb and rr modes. It is also possible to distinguish these effects by measuring the vector 
boson fusion rate to photons, which will also be enhanced by non- decoupling effects, whereas 
stop loops mainly affect the Higgs coupling to gluons. 

5 Conclusions 

The LHC experimental collaborations have presented data that can be interpreted as the first 
evidence for a Higgs boson with a mass of about 125 GeV [HE]- In this paper, we have 
studied the implications of a 125 GeV Higgs boson for naturalness in supersymmetric theories. 
We considered three scenarios: the MSSM, the NMSSM with a coupling A that can remain 
perturbative until the scale of gauge coupling unification, and A-SUSY, where A can be larger. 
Our main results concerning naturalness are, 

• In the MSSM, maximal mixing is required to avoid multi-TeV stops. Fine-tuning is at the 
1% level or worse with a low mediation scale of 10 TeV, and an order of magnitude more 
with a high mediation scale. 

• The NMSSM can accommodate a 125 GeV Higgs with only ~ 5 — 10% tuning if the 
mediation scale is low and stop mixing is non-maximal. In order to achieve such mild fine- 
tuning, the NMSSM is pushed to the edge of its parameter space, with low tan/3 < 2 and 
large A ~ 0.7, so that A is very nearly non-perturbative at the GUT scale. 

• A-SUSY presents a highly natural theory of a 125 GeV Higgs, with tuning in the range of 10- 
20% for a large portion of its parameter space. The Higgs mass can be 125 GeV in theories 
with large A, because it is naturally driven light by Higgs-singlet mixing. Alternatively, a 
125 GeV Higgs mass can be achieved in theories with somewhat smaller A or larger tan /3, 
if Higgs-singlet mixing is not an important effect. 

We have discussed a number of phenomenological consequences of the A-SUSY theory with 
large A ~ 2. Even though the Higgs mass can be as low as 125 GeV, the stops can be very 
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Figure 14: An example of a natural SUSY spectrum in ASUSY with A ~ 2. The fine-tuning 
of the Higgs mass, and electroweak symmetry breaking, can remain milder than 10% with the 
Higgsinos at 350 GeV, the stops at 1.5 TeV, and the gluino at 3 TeV. Mixing between the Higgs 
and the singlet lowers the Higgs mass to 125 GeV. 



heavy, about 1.5 TeV, before they introduce fine-tuning into electroweak symmetry breaking. In 
Figure 14 we give an example of such a natural superparticle spectrum. This possibility presents 
a new twist on the null supersymmetry results: maybe superparticles are above the 7 TeV reach 
of the LHC because the Higgs potential is protected by a large value for A. Of course, since the 
tree-level contributions are large in A-SUSY, the stops are not required to be heavy in order to 
raise the Higgs mass. Thus it is also possible that the superparticle spectrum is about to be 
discovered. We have also found that A-SUSY has the possibility of interesting non-decoupling 
effects. Mixing between the two doublets depletes the coupling of the lightest Higgs to bottom 
quarks (the opposite of how non-decoupling usually works in the MSSM), enhancing the 77 
and WW rates and depleting the branching ratios to 6's and r's. In A-SUSY, non-SM Higgs 
branching ratios may present the first experimental clue for supersymmetry, instead of the direct 
discovery of sparticles. 
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Of course, the experimental results remain at a preliminary stage and whether or not the 
Higgs boson is really present at 125 GeV will be fleshed out by data presented in the coming year. 
We conclude by discussing how our results might be modifled if the Higgs signal at 125 GeV 
goes away and the Higgs is instead discovered with a lower mass in the window between the 
LEP limit of 114 GeV |1] and the current LHC limit of about 130 GeV. A lower Higgs mass 
would have crucial implications for the MSSM and NMSSM. Recall that the necessary stop 
mass, and therefore the degree of fine-tuning, depends exponentially on the Higgs mass. If 
the Higgs is found closer to the LEP limit of 114 GeV, the MSSM, and a larger portion of 
the NMSSM parameter space, would look a lot more appealing than it does if the Higgs has a 
mass of 125 GeV. On the other hand, our results pertaining to A-SUSY carry over, basically 
unmodified, for any Higgs mass within the currently allowed window. A Higgs mass of 125 GeV 
is most naturally achieved at tree-level in theories with large A, and the amount of fine-tuning 
is not terribly sensitive to whether the mass is close to 114 GeV or 125 GeV. New data over the 
coming year will determine if the current excess is robust and thus whether naturalness points 
towards non-minimal supersymmetry. 
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